Ion-selective electrodes are now widely used for the determination of specific ions in solution and have found widespread applications in analytical chemistry. 1 In recent years, the study of anti-Hofmeister sensing materials with high selectivity for given anions is an expanding domain in chemical sensors.
Introduction
Ion-selective electrodes are now widely used for the determination of specific ions in solution and have found widespread applications in analytical chemistry. 1 In recent years, the study of anti-Hofmeister sensing materials with high selectivity for given anions is an expanding domain in chemical sensors.
It is well-known that the use of methalloporphyrins as ionophores in polymeric membrane electrodes can induce potentiometric anion selectivity patterns that differ significantly from the classical Hofmeister pattern. The observed selectivity for metalloporphyrins is not governed by anion lipophilicity, as in the case of a dissociated ion-exchanger, but by specific chemical interactions between the metalloporphyrins in the membrane and the anions in the sample solution, such as complex formation or coordination. [2] [3] [4] [5] [6] [7] Moreover, membranes constructed based on metalloporphyrins in different matrixes such as PVC, silicon rubber or polyurethane, showed different selectivity toward anions. 1 Meyerhoff et al. illustrated that not only the porphyrin structure, but also the nature of the axial linked anion play an important role in the potentiometric selectivity. 6, 7 Therefore, considering these results, a wide variety of polymeric membranes based on metalloporphyrins or other ionophores have been developed for iodide, as described in the literature. [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] To the best of our knowledge, only one iodide-selective membrane electrode based on the Mn(III)-porphyrin derivative supported in polystyrene pyridine copolymer (MnP-PSP4) has been reported until now. 17 We recently used tetrachlorophenylporphyrinato Mn(III) as a new ionophore in constructing of a triiodide PVC membrane electrode, 22 and also reported on a novel class of triiodide membrane electrodes using ion pairs of imidazole antifungal drugs (ketoconazole and clotrimazole) with triiodide as suitable carriers. 23, 24 Due to the vital importance of iodide in biological fluids and drug preparations, on one hand, and also the develoment of new simple methods in the determination of iodide at low concentrations, on the other hand, in the present work we reported on a new highly selective PVC membrane electrode based on recently synthesized [5, 10, 15, 20 -tetrakis(4-dimethylaminobenzene)porphyrinato]manganese(III) acetate (MnTDPAc) (Fig. 1) as an ionophore. The proposed electrode is the first attempt to construct an iodide membrane electrode based on Mn(III)-porphyrin derivatives in a PVC matrix. Applications of the proposed membrane electrode as an indicator electrode in the potentiometric titration of iodide ions, pharmaceutical preparations and in the direct potentiometric determination of iodide in seawater samples were investigated.
Experimental

Reagents
Reagent-grade 2-nitrophenyl octyl ether (NPOE), nitrobenzene (NB), acetophenone (AP), bis(2-ethylhexyl) sebacate (DOS), dibutylphthalate (DBP), and highly relative Tetraphenylphosphonium chloride (TPPC), tetrabutylammonium bromide (TBAB), sodium tetraphenyl borate (STPB), tetrahydrofuran (THF), chloroform, and all of the anionic salts (all from Merck) were of the highest purity available and were used without any further purification. Standard solutions and buffers were prepared using doubly distilled water. Pure and dosage forms of iodoquinole were purchased from Jalinous Pharm. Lab., Tehran, Iran.
Apparatus
The absorption spectra were recorded on a LKB Model 4054 UV-Visible spectrophotometer using 10 mm quartz cells. All potentiometric and pH measurements were made at 25 ± 1˚C with a digital WTW multilab 540 Ionalyzer (Germany). Reference electrodes were purchased from Azar Electrode Co., Urmia, Iran.
The following assembly was used for EMF measurements:
Electrode preparation
The optimum composition obtained for an iodide-selective solvent polymeric membrane was 1.5% (w/w) ionophore, 1% (w/w) TBAB, 69.5% (w/w) NPOE, and 28% (w/w) PVC. The master membrane was fabricated by dissolving 42 mg of powdered PVC, 104.2 mg of plasticizer (NPOE), 2.3 mg of MnTDPAc and 1.5 mg of TBAB in 5 ml of THF. The resulting mixture was transferred into a glass dish of 2 cm diameter. The THF was evaporated slowly until an oily concentrated mixture was obtained. A pyrex tube (3 -5 mm o.d.) was dipped into the mixture for about 10 s so that a membrane of about 0.5 mm thickness was formed. The tube was then pulled out from the mixture and kept at room temperature for about 2 h. A 1.0 × 10 -2 M of KI solution was used as an internal reference solution. The electrode was finally conditioned by soaking in a 1.0 × 10 
Results and Discussion
Previous studies have shown that porphyrins containing each Mn(III) exhibit high chloride 6, [25] [26] [27] and thiocyanate [28] [29] [30] selectivity, deviating from the Hofmeister series.
It is noteworthy that, in most of these reported sensors, the applied porphyrins were neutral or charged forms with chloride ion as an axial ligand. On the other hand, it has been shown that not only the presence of various anions as an axial ligand, but also substitutes of different groups on the porphyrin structure, can strongly influence the selectivity pattern of the resulting membrane sensors for anionic species. 6, 7 Therefore, in the present work we were interested in the possibility of using MnTDPAc, recently synthesized in our laboratories, as a carrier with an acetate ion as axial ligand in PVC-based membranes for a wide variety of anions. Thus, in preliminary experiments, the mentioned ionophore was used to prepare PVC membranes for various anions. The potential responses of the studied anionselective electrodes based on MnTDPAc are shown in Fig. 2 . As can be seen, among the anions tested in the concentration range of 4.0 × 10 -6 -1.0 × 10 -2 M, the membrane sensor shows high selectivity for iodide ion with a Nernstian behavior, probably due to a strong interaction between the ionophere and the iodide ions.
Since the sensitivity, linearity and selectivity of the electrode depend significantly on the membrane composition, the influence of the amount of ionophore, the nature of the plasticizer and the amount of some lipophilic additives on the potential response of the proposed iodide sensor were investigated. The results are summarized in Table 1 . As can be seen, among the various plasticizers used, the electrodes prepared using NPOE showed a significant response to iodide ion (membranes 1 -5). Moreover, while the membranes without an ionophore showed an unusual response that considerably deviated from the theoretical Nernstian behavior, those membranes incorporated up to 3 wt% improved the sensitivity toward iodide ions (membrane 1). Recent reports have shown that the presence of lipophilic electrically charged additives improves the potentiometric behavior of certain anionselective electrodes based on metalloporphyrines. [31] [32] [33] The type of required additive depends on the carrier mechanism involved. The electrode performance and selectivity are enhanced by the addition of tetraphenylborate derivatives when the anion ionophore serves as a charged carrier, while tetraalkylammonium species are required as additives to optimize the response characteristics of membranes doped with ionophores that function as anion-selective neutral carriers. Therefore, the effect of sodium tetraphenyl borate (STPB) (membrane 6) and tetraphenylphosphonium chloride (TPPC) (membrane 7) as anionic additives, and tetrabutylammonium bromide (TBAB) as a cationic additive (membranes 8 -11) were investigated concerning the response of the proposed iodide sensor. As can be seen from the results presented in Table 1 , the optimum response toward iodide could only be achieved when tetraalkylammonium salts were added to the membrane formulation (see membranes 1 and 6 -11). These observations strongly suggest that the Mn(III) porphyrin derivative used in the present work is not significantly dissociated, and functions as a neutral carrier-type ionophore within the organic membrane phase of such an iodide sensor. It is seen that, among different membrane compositions tested, membrane No. 10 with 1.5% ionophore (I), 28% PVC, 69.5% NPOE and 1.0% TBAB offered the widest linear range with a Nernstian slope of -59.4 ± 1.2 mV per decade.
The pH dependence of the membrane electrode was tested over the pH range of 2 -11 for a 1.0 × 10 -3 M KI solution. The results are shown in Fig. 3 . The effect of the pH on the response characteristics can be explained by coordination competition between I -and OH -. The electrode potential is independent of the pH in the range of 2 -8. Over this range, the potential does not vary by more than ±1.0 mV. For pH > 8 the potential increased sharply, most probably due to increasing competition of OH -at a higher pH. A similar effect of OH -on the potential response for electrodes based on vitamin B12 derivatives and metalloporphyrins was observed. 13, 14 A pH of 6.0, adjusted using a 1.0 × 10 -2 M phosphate buffer, was chosen for further experiments.
The influence of the internal solution concentration on the electrode response was studied. Due to the stability of the potentials and high sensitivity, a 1.0 × 10 -2 M of KI solution was chosen as the internal solution concentration for further studies.
Because the potentiometric selectivity coefficients are clearly the most important characteristics of a sensor, the potential responses of the electrode to other anions were investigated by the matched potential method (MPM). [34] [35] [36] The obtained results showed that the electrode possesses high selectivity toward iodide ion (Table 2 ). It should be noted that, in previous Mn(III) porphyrins that had been used as ionophores in constructing of chloride ion-selective electrodes, the selectivity coefficient for chloride was considerably smaller than the selectivity coefficients obtained for I -and SCN -. 6, 33 On the other hand, most of the membranes based on certain metalloporphyrins and iodide solid-state ISE based on the Ag2S + AgI exhibit much higher selectivity for salicylate ion over the target anions. 6, 37, 38 The data given in Table 2 indicate that the resulting selectivity coefficient of the proposed electrode for Iis very large compared to other anions, such as chloride, bromide, thiocyanate, perchlorate and salicylate, probably due to a specific interaction between the ionophore and the iodide ion, and its low tendency toward common inorganic anions. This surprising phenomenon is probably related to the presence of dimethylamine substitutions for a para situation of the phenyl groups and/or to the influence of the axial ligation of CH3COO -to Mn(III) in the structure of porphyrin. Also, in Table 2 , the analytical performance and selectivity coefficients for diverse anions of a membrane electrode based on MnTDPAc are compared with the corresponding values previously reported for PVC membrane iodide ion-selective electrodes based on different ionophores, including Schiff-base complexes of Co(II), 10 a polymeric organometal complex of mercury, 11 silver(I) complexes of N-thiocarbamoyliminedithioether derivatives, 16 a Ni(II) tetraazaannulene macrocyclic complex, 13 cerium salen, 12 a bis(benzoin)semiethylenediamine (BBSEA) complex of Hg(II) 15 and polymer-supported Mn(III) protoporphyrin. 17 As can be seen, the ionophore used in this work showed a selectivity somewhat similar in most cases, or even superior in some cases, to the previously reported sensors. However, in terms of a longer lifetime, a much shorter response time, a wider linear range and a fully Nernstian response slope are absolute advantages over the previously reported PVC iodide-selective membrane electrodes.
The preferential response toward I -was evaluated using UVVis spectra, as illustrated in Fig. 4 4B), indicated that there is a specific interaction between the iodide ion and Mn(III) of the studied porphyrin. The obtained results from the spectrum of other anions, especially lipophilic anion, such as SCN -, showed a very weak interaction between the central Mn(III) and the anion compared to iodide ion. However, confirming such phenomenon needs to be investigated further.
The potentiometric performance of a membrane for analytical applications has been examined. The dynamic response curve of this electrode to iodide is shown in Fig. 5 . As can be seen from Fig. 5 , the ion-exchange reaction for iodide requires a few seconds to attain a stable value. The average time required for the I -selective membrane electrode to reach a potential within ±1 mV of the final equilibrium value after the successive immersion of a series of I -ion solutions, each having a 10-fold difference in concentration, was measured. The static response time for the thus-obtained PVC-membrane was less than 8 s over all linear concentration ranges. The potentials remained constant for more than 3 min, after which a very slow divergence was observed. The detection system was very stable and could be used over a period of 2 months without any significant change in the response characteristics.
Under optimal conditions the e.m.f. response of the sensor (No. 10 in Table 1) 
Analytical Applications
In recent years, membrane sensors have been more extensively used in chemical, environmental, clinical and pharmaceutical analysis. Their advantages are simple design, low cost, adequate selectivity, a low detection limit, high accuracy, wide linear range and applicability to colored and turbid solutions.
Potentiometric end-point detection using the proposed iodide electrode
The practical utility of the proposed iodide membrane sensor was initially tested by its use as an indicator electrode for the titration of 50 ml of a 5 × 10 -3 M iodide solution with 0.1 M AgNO3. The resulting titration curve is shown in Fig. 6 . As shown, the amount of iodide ions in solution can be accurately determined by using the proposed electrode.
Determination of iodide in formulations
The resulting electrode was applied to the indirect determination of iodoquinole in tablets (210 mg/tablet). Two grams of sodium were placed into an alkaline fusion tube and heated until all of the sodium was completely fused. Then, an appropriate and accurate weighed amount of a finely powdered iodoquinole tablet (0.1 g of five powdered tablets) was added into a hot tube, and the resulting mixture was completely burned. The hot tube was immediately transferred into a beaker containing 25 ml of distilled water. After cooling, the reaction mixture was filtrated and washed with water. Then, the pH of Fig. 6 Potentiometric titration curve for 50 ml of a 5 × 10 -4 M iodide solution (pH was fixed at 3 using phosphate buffer) with a 0.01 M AgNO3, using the proposed sensor as an indicator electrode. the filtrate was adjusted at 6 using a 0.1 M phosphate buffer (pH 6) and diluted to 100 ml. The iodide produced from decomposition of the drug was determined by the potentiometric titration method using standardized silver nitrate solution and the proposed sensor as an indicator electrode. The obtained results showed satisfactory recoveries between 99.5 -100.1% for iodoquinole with RSD values lower than 1.0%.
Direct potentiometric determination of iodide in seawater
To demonstrate the usefulness of the proposed electrode for environmental analysis, its potentiometric response to 10 -4 M I -, which was spiked to real seawater samples, was investigated. The concentration measured from I -spiked seawater samples by the prepared electrodes showed very good agreement with the spiked concentration. This result means that the presence of 0.5 M chloride ions (in the tested seawater) does not change the response of the electrode to iodide ion significantly.
Conclusions
Our study has shown that MnTDPAc can be used as a carrier in a PVC membrane for the highly selective monitoring of iodide ion in the presence of chloride and bromide ions, and also lipophilic anions, such as perchlorate, salicylate and thiocyanate. The wide dynamic range, low detection limit, fast response time and good reproducibility would make this sensor suitable for measuring the concentration of iodide in various samples, without any need for preconcentration or pretreatment steps.
